Please cite this article as: A.O. Kulinich, S.M. Reinhard, M. Rais, et al., Beneficial effects of sound exposure on auditory cortex development in a mouse model of Fragile X Syndrome, Neurobiology of Disease(2018), https://doi.Abstract Background Fragile X syndrome (FXS) is the most common genetic cause of autism and intellectual disability. Fragile X mental retardation gene (Fmr1) knock-out (KO) mice display core deficits of FXS, including abnormally increased sound-evoked responses, and show a delayed development of parvalbumin (PV) cells. Here, we present the surprising result that sound exposure during early development reduces correlates of auditory hypersensitivity in Fmr1 KO mice.
Introduction
Auditory hypersensitivity is commonly associated with Autistic Spectrum Disorders (ASDs) and when present early in development can impede cognitive development, which relies J o u r n a l P r e -p r o o f Immunofluorescence Male WT and Fmr1 KO mice were euthanized with isoflurane at P21-22 and perfused transcardially first with cold phosphate-buffered saline (PBS, 0.1 M) and then with 4% paraformaldehyde (PFA) in PBS. Brains were removed, post-fixed for 2 h in 4% PFA and 100 μm coronal sections containing auditory cortex were obtained using a vibratome (Campden Instruments) with a speed of 0.5-0.65 mm/s. Identification of auditory cortex was performed using hippocampal landmarks (Wen et al., 2018) . This method was previously validated using tonotopic mapping, dye injection (Martin del Campo et al., 2012) and Paxinos mouse brain atlas and other publications on mouse auditory cortex (Anderson et al., 2009 ).
On average, 5-6 slices containing auditory cortex were obtained from each brain.
Immunolabeling of sections was performed using the following protocol. Brain slices were postfixed with 4% PFA in 0.1 M PBS for an extra 2 h and then washed in 0.1 M PBS. Then, brain tissues were incubated with 50 mM ammonium chloride for 15 minutes to quench residual PFA and washed with PBS. Next, 0.1% Triton X-100 in PBS was applied to permeabilize slices, which was followed by incubation in 5% Normal Goat Serum (NGS; Sigma, catalog# G9023-10 mL) and 1% Bovine Serum Albumin (BSA; Fisher Scientific, catalog# 9 048468) in 0.1 M PBS solution to block tissue nonspecific staining. Sections were further incubated with primary antibodies and fluorescein-tagged Wisteria floribunda agglutinin (WFA, 4 μg/mL; Vector Laboratories, cat# FL-1351, RRID:AB_2336875) in 0.1 M PBS containing 1% NGS, 0.5% BSA, and 0.1% Tween-20 for 24 h. Mouse anti-PV antibody (1:1000; Sigma, catalog# P3088, RRID:AB_477329) was used to visualize PV+ interneurons. WFA, a lectin that recognizes glycosaminoglycan side chains of chondroitin sulfate proteoglycans present in PNNs, primarily but not exclusivley aggrecan, was used to label PNNs, referred here as WFA+ PNNs (Pizzorusso J o u r n a l P r e -p r o o f et al., 2002) . Next, slices were washed in 0.1 M PBS containing 0.5% Tween-20 and incubated with secondary antibodies, donkey anti-mouse Alexa 594 (4 μg/mL; Thermo Fisher Scientific, catalog# A-21203, RRID:AB_2535789), in 0.1 M PBS for 1 h. Brain tissues were further washed with 0.1 M PBS containing 0.5% Tween-20, mounted with Vectashield (Vector Labs, catalog# H-1200) and sealed with Cytoseal (ThermoScientific, . Each slice was imaged with a Leica TCS SP5 confocal microscope using a series of 10 high-resolution optical sections (1024 × 1024-pixel format) and a 10×, or a 63× water-immersion objective (1.2 numerical aperture), 1× zoom at 1μm step (z-stack). For the analysis, each z-stack was collapsed into a single image, converted to a TIFF file using Image J and encoded for blind analysis. Image J was also used to analyze density of PNN+cells, PV+ cells and their colocalization in cortical layers 2-6. T-test was used to determine genotype specific differences for each experiment. Statistical analyses were performed using Microsoft Excel and GraphPad Prism 7.
Dendritic spine labeling and analysis
Brain slices were collected as described above and dendritic spines were labeled using DiO-listic approach as previously described (Staffend and Meisel, 2011) . Tungsten particles were coated with 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindocarbocyanine perchlorate (DiI; catalog# D282, Invitrogen), delivered to the brain slices by helium-powered ejection (Bio-Rad Helios Gen Gun System) and further incubated in PBS for 72 h at 4°C before being mounted onto slides in PBS and sealed with Cytoseal (ThermoScientific, catalog# 8310-16). Labeled neurons were first identified in layers (L) 1-6 of auditory cortex using confocal microscopy with 10× objective (model LSM 510, Carl Zeiss MicroImaging) and images of basolateral dendrites of L2-6 neurons in respective layers were captured with a 63× water-immersion objective (1.2 numerical J o u r n a l P r e -p r o o f aperture) and 1× zoom using a series of high-resolution optical sections (1024 × 1024-pixel format) at 0.5 μm step intervals (z-stack). Each z-stack was collapsed into a single image by projection (LSM Image Browser, Zeiss), converted to a TIFF file and encoded for blind analysis.
Analysis of the spine density (spines per 10 μm dendrite) and volume (μm 3 ) was performed using Neurolucida 360 software (MicroBrightField; RRID: SCR_001775) (Koeppen et al., 2018) . At least five animals (AE WT, n=5; AE Fmr1 KO, n=7; SE WT, n=5; SE Fmr1 KO, n=7) were analyzed per group, and dendrites from at least 5 neurons were imaged per animal (AE WT, n=33; AE Fmr1 KO, n=39; SE WT, n=28; AE Fmr1 KO, n=38).
Electrophysiology
Auditory ERPs were recorded to quantify P1, N1, P2 amplitudes and latencies across the different groups of mice. Mice were anesthetized with ketamine-xylazine (K/X) (80/10 mg/kg) with half dose supplements as needed. They were secured on a bite bar, and placed on a stereotaxic apparatus (model 930; Kopf, CA). To monitor the anesthetic state, a toe pinch reflex was assessed every 20-30 min throughout the experiment. Once the animal was anesthetized, a midline sagittal incision along the scalp was made to expose the skull, and the right temporalis muscle was displaced. A dental drill was used to remove the skull over the right auditory cortex (Martin del Campo et al., 2012) . Location of core auditory cortex was identified using vasculature, and confirmed with extracellular local field potential recordings using broadband sound (0.25 Hz repetition rate) and a tungsten microelectrode (FHC Inc., diameter 125 µm). At the end of the experiment, mice were euthanized with sodium pentobarbital (i.p. 125 mg/kg).
ERP recordings were obtained in a sound-attenuated chamber lined with anechoic foam (Gretch-Ken Industries, Oregon) as previously described (Lovelace et al., 2016) . Acoustic J o u r n a l P r e -p r o o f stimuli were generated using TDT RZ6 system and presented through a free-field speaker (LCY-K100 ribbon tweeters; Madisound, WI) located 6 in. away at a 45° angle from the animal's left ear. Sound level was modified using programmable attenuators (PA5; Tucker-Davis Technologies, Florida). The speaker output was flat within +/− 3 dB for frequencies between 5 and 35 kHz as measured using a 1/4 inch B&K microphone. The stimulus consisted of trains of 10 repeating pure tones (14 kHz or 23 kHz, 100 ms duration), 5 ms rise/fall time, 8 s inter-train interval 70 dB SPL presented at 0.25 Hz repetition rate. After 5 min of baseline recordings with no auditory stimulation, at least 50 repetitions (5 trains with 10 tone pips each) of the tone was presented. Auditory ERP recordings were obtained using the BioPac system (BIOPAC Systems, Inc.). A tungsten microelectrode (FHC Inc.) was advanced into the brain using a Kopf direct drive 2660 micropositioner (depth 350-600 µm). A stainless steel wire (California Fine Wire Company) was attached to the neck muscle for grounding purposes. At each recording location, testing began only after sound-driven ERPs with an N1 component with ~30-80 ms latency could be reliably produced. The BioPac MP150 acquisition system was connected to an EEG 100C amplifier unit to which the recording electrode and ground were attached. Signals were filtered (high-pass (0.5 Hz) and low-pass (35 Hz)). Data were sampled at a rate of either 5 or 20 kHz using Acqknowledge software, and sound delivery was synchronized with ERP recording using a 5 ms digital TTL pulse to mark the onset of each sound in a train. ERP traces were extracted from Acknowledge and converted to files compatible with Brain Vision Analyzer 2.1. Artifact rejection was done using several criteria such as amplitude, gradient, max-min and low activity.
After that, recorded traces were subdivided into 250 ms segments based on a TTL pulse that marked the sound stimulus onset. P1, N1 and P2 were detected based on maximal positive or J o u r n a l P r e -p r o o f negative deflections in a certain time window: P1 (10-50 ms), N1 (30-80 ms) and P2 (75-150 ms).
Western blotting
Mice were euthanized at P21 with isoflurane and cervical dislocation was performed. Auditory cortex was identified based on methods described earlier and dissected. Tissue samples were immediately homogenized in cold HEPES buffer (4 mM HEPES buffer, pH 7.5; 300 mM sucrose; 150 mM NaCl; 0.1 mM phenylmethylsulfonyl fluoride (PMSF); protease inhibitor cocktail (Sigma, P8340); 0.5 mM sodium orthovanadate) to extract soluble cytoplasmic proteins for PV detection. Another subset of tissue samples were collected and lysed in RIPA buffer (50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA, pH 8.0; 1% Triton X-100; 0.1% SDS; protease inhibitor cocktail; 0.5 mM sodium pervanadate) to extract membrane-bound proteins for detection of tropomyosin kinase B (TrkB). In both cases, samples were rotated at 4°C for 1 h to allow for complete cell lysis and then cleared by centrifugation at 13,200 rpm for 20 min at 4°C. Next, blots were washed 3 × 10 min in TBS/0.1% Tween-20 and 1× 10 min TBS and developed with ECL Detection reagent (catalog# 80196, Thermo Scientific). For reprobing, membrane blots were washed in stripping buffer (2% SDS, 100 mM β-mercaptoethanol, 50 mM Tris-HCl, pH 6.8)
for 30 min at 55°C, then rinsed repeatedly with TBS/0.1% Tween-20 (5×5 min), blocked with 5% skim milk, and then reprobed. X-ray film (Thermo Scientific) was used for the protein bands signal detection, which was further processed using mini-medical X-ray processor (AFP Imaging). Developed films were then scanned, and band density was analyzed by measuring band and background intensity using Adobe Photoshop CS5.1 software (RRID:SCR_014199).
Samples from Fmr1 KO and their counterpart WT mice (NE, AE or SE groups) were run on the same blot, and precision/tolerance (P/T) ratios for Fmr1 KO samples were normalized to averaged P/T ratios of WT samples.
Data analysis
Statistical analysis was performed using unpaired t-test to determine genotype differences within the same sound exposure group (NE WT vs NE Fmr1 KO, AE WT vs AE Fmr1 KO or SE WT J o u r n a l P r e -p r o o f vs SE Fmr1 KO). In order to compare the effect of sound exposure, two-way ANOVA was performed (sound exposure, genotype) followed by Bonferroni's post hoc pair-by-pair comparisons between AE and SE groups. In all cases, GraphPad Prism 7 was used for the analysis and data represent mean ± standard error of the mean (SEM).
Results

AE Fmr1 KO mice show enhanced auditory ERP NI amplitudes
Tone-evoked single unit responses are increased in auditory cortex of P21 Fmr1 KO mice compared to WT mice (Wen et al., 2018) . These mice were raised in a regular vivarium with a variety of environmental sounds (NE group). We hypothesized that developmental attenuation of environmental sounds might normalize cortical development. To test this hypothesis, we raised mice in a sound-attenuating box (AE) with the background noise averaging ~37-40 dB SPL (compared ~65-70 dB SPL in the vivarium) during early postnatal P9-P21 period. We next recorded ERPs from auditory cortex of P21-P23 mice in response to 14 kHz or 23 kHz tones and measured peak amplitudes and latencies of P1, N1 and P2 components ( Fig.1A -H, Fig.S1A -F).
14 kHz and 23 kHz were chosen based on previously published results, which demonstrate that higher percentage of cortical neurons respond to 11-15 kHz tones compared to 21-25 kHz (Rotschafer and Razak, 2013) . The P1 and P2 amplitudes evoked by 14 kHz and 23 kHz tones were not significantly different between AE WT and AE Fmr1 KO mice ( Fig.1A -C, 1E-F, 1H).
However, higher N1 amplitude was detected in response to 14 kHz tone (p=0.0496; Fig. 1A , D; Table S1 ), but not to 23 kHz tone ( Fig.1B, 1G ; Table S2 ), in AE Fmr1 KO compared to AE WT mice.
J o u r n a l P r e -p r o o f
No significant differences were detected in P1 and N1 latencies in response to 14 kHz and 23 kHz between AE Fmr1 KO and WT mice ( Fig.S1A , B, D, E; Table S1-S2), whereas a longer P2 latency was found in AE Fmr1 KO mice compared to AE WT in response to 14 kHz (p=0.0093; Fig.S1C ) but not 23 kHz ( Fig.S1F ; Table S1 -S2).
In summary, enhanced responses were observed in P21-P23 auditory cortex of Fmr1 KO mice raised in sound-attenuated environment compared to their WT counterparts, similar to our previous findings in Fmr1 KO mice raised in the standard vivarium.
SE Fmr1 KO mice exposed to 14 kHz tone during development exhibit normal sound-
evoked responses
We next tested whether passive developmental sound exposure of mice would normalize sound-evoked responses in Fmr1 KO mice. Because we observed a difference in N1 amplitude between AE Fmr1 KO and AE WT in response to 14 kHz tone, we chose this frequency for exposure with ~65dB SPL (de Villers-Sidani et al., 2008; Kim et al., 2013; Zhu et al., 2014) . WT and Fmr1 KO mice were placed in a sound-attenuated chamber at P5 and exposed to 14 kHz tone pip trains 24 h/day from P9 to P21-23 when analysis was performed.
Analysis of average peak amplitude and latency of raw ERP P1, N1 and P2 components in auditory cortex of SE WT and SE Fmr1 KO mice showed no genotype differences for both 14 kHz and 23 kHz tones ( Fig.2A-H We found that PV cell density was significantly reduced in L2/3 (p˂0.0001; Fig.3D ) and L4 (p˂0.0001; Fig.3G ) of AE Fmr1 KO compared to AE WT mice. Similar changes were observed in L5/6 (Table S3 ). We also observed decreased density of PNNs in L4 (p=0.0025; with PNN in L4 (p=0.0031; Fig.3I ) and L5/6 (p=0.0140; Table S3 ) in Fmr1 KO compared to WT mice. Interestingly, we also observed a reduction in the density of PV cells lacking PNNs in L2/3 (p˂0.0001; Table S3 ), L4 (p=0.0024; Table S3 ) and L5/6 (p=0.0001; Table S3 ) in Fmr1 KO compared to WT mice, which was not previously reported in NE mice (Wen et al., 2018) . Thus, auditory cortex of Fmr1 KO mice raised in sound-attenuated environment exhibit a decreased density of PV cells and PNNs compared to sound-attenuated WT counterparts, as previously seen in Fmr1 KO mice raised in the standard vivarium.
In contrast, PV cell density in SE Fmr1 KO was similar to SE WT level ( Fig.3J, 3M ; Table S3 ), suggesting that the sound exposure restored PV cell development to normal levels in Fmr1 KO mice. However, density of PNNs remained lower in L4 auditory cortex of SE Fmr1
KO as compared to SE WT mice (p=0.0026; Fig.3N ), but no differences were observed between SE Fmr1 KO and SE WT mice in L5/6 (p=0.56; Table S3 ). The density of PV cells containing PNNs was also not significantly different between SE WT and SE Fmr1 KO mice (Fig.3L, 3O) .
A two-way ANOVA analysis was used to compare SE and AE groups that were raised in the same chamber with (SE) or without (AE) sound exposure. The analysis with exposure (AE, SE) and genotype (WT, Fmr1 KO) as factors showed no exposure effect (F (1,23) =3.655, p=0.0685), but showed a significant genotype effect (F (1,23) =23.44, p˂0.0001) and interaction Dendritic spine density and morphology were analyzed in L2-6 auditory cortex of AE and SE mice using DiOlistic approach (Fig.4A-L) . A significantly higher dendritic spine density was observed in basolateral dendrites of L2/3 and L5/6 excitatory neurons in AE Fmr1 KO compared to WT mice (p=0.0061, Fig.4E; p=0 .0090, Fig.4I ), but L4 neurons were not different (Table S4 ).
Dendritic spine morphology was evaluated based on spine volume, where spines with small volume (less than 0.5 μm 3 ) represent immature spines with small heads and spines with large volume represent mature spines (stubby-or mushroom-like spines with large heads (Koeppen et al., 2018) . No differences in spine morphology were detected in L2/3 and L5/6 auditory cortex between WT and Fmr1 KO (Fig.4F, 4J ). Thus, Fmr1 KO mice raised in sound-attenuated environment show increased spine density in L2/3 and L5/6 neurons, but no significant changes in dendritic spine morphology.
In contrast, dendritic spine density in basolateral dendrites of L2/3 and L5/6 excitatory neurons was similar in SE Fmr1 KO and WT mice ( Fig.4C-D In summary, developmental sound exposure restored dendritic spine density in auditory cortex of Fmr1 KO mice to WT levels.
SE Fmr1 KO mouse auditory cortex shows normal PV protein levels and increased TrkB phosphorylation
To assess whether the reduction in the density of PV cells in the auditory cortex of AE Fmr1 KO mice is a result of reduced PV levels, we examined PV protein levels in the auditory cortex using Western blotting. While there was no difference in PV levels between NE Fmr1 KO and WT (Fig.5A) , PV levels were significantly decreased in AE Fmr1 KO mice compared to AE WT (p=0.0403; Fig.5B ). In contrast, SE Fmr1 KO mice showed similar PV levels as SE WT ( Fig.5C ; Table S5 ).
As TrkB signaling is implicated in PV cell development and survival (Nomura et al., 2017; Xenos et al., 2018) we also evaluated total and phosphorylated levels of TrkB in WT and Fmr1 KO mice. We found that TrkB levels (145 kDa) were similar between Fmr1 KO and WT in all groups (Fig.5D-F) . We further examined activation of TrkB by evaluating its phosphorylation (p) on the tyrosine (Y)816 and Y515. No differences in pTrkB-Y816 and pTrkB-Y515 were observed in NE Fmr1 KO compared to NE WT (Fig.5G, 5J ). However, we observed a significant decrease in pTrkB-Y816 and pTrkB-Y515 in AE Fmr1 KO compared to AE WT (pY816: p=0.0479 and pY515: p=0.0306; Fig.5H, 5K ). Interestingly, a significant J o u r n a l P r e -p r o o f increase in pTrkB-Y515, but not pTrkB-Y816, levels was observed in SE Fmr1 KO mice compared to SE WT (p=0.0004; Fig.5I , 5L, 
Discussion
We demonstrate differential effects of auditory experience on auditory cortex development in WT and Fmr1 KO mice. First, we found enhanced sound-evoked responses in Fmr1 KO mice compared to WT mice raised in sound-attenuated environment that are associated with increased dendritic spine density, but reduced PV expression and TrkB phosphorylation.
This suggests that developmental sound attenuation may not be feasible to reduce auditory hypersensitivity in FXS. In contrast, we observed beneficial effects of developmental tone exposure in restoring molecular, cellular and functional properties in the auditory cortex of Fmr1 KO mice to WT levels. Specifically, comparison of sound-exposed Fmr1 KO mice to One major finding of this study is the modulation of PV cell density in auditory cortex of Fmr1 KO following passive developmental sound exposure. PV cells are GABAergic interneurons that regulate network oscillations associated with sensory processing and contribute to the maintenance of E/I balance (Sohal et al., 2009; Hu and Jonas, 2014) . Our previous work showed delayed PV cell development in the auditory cortex of Fmr1 KO mice (Wen et al., 2018) . This is consistent with studies of somatosensory and visual cortices of Fmr1 KO mice, suggesting a common role of PV interneurons in abnormal sensory processing and hypersensitivity in FXS (Selby et al., 2007; Gibson et al., 2008; Goel et al., 2018) . In this study, we found that developmental sound attenuation did not restore normal PV cell development,
suggesting that sensory input is probably not the primary cause of the deficit in Fmr1 KO mice.
In PNNs detected with WFA (Roughley and Mort, 2014; Miyata and Kitagawa, 2016; . Future studies will determine whether acute or chronic MMP-9 inhibition during development will restore PNN formation and normalize cortical responses in Fmr1 KO mice.
Another finding of this study is that developmental sound exposure normalized density of dendritic spines, major postsynaptic sites of excitatory synapses, in auditory cortex of Fmr1 KO
mice. An abundance of immature dendritic spines is seen in the brains of humans with FXS (Irwin et al., 2001) and Fmr1 KO mice (Comery et al., 1997) . However, there are controversial results on spine density in developing and adult Fmr1 KO that are influenced by mouse genetic background, brain area and developmental period (He and Portera-Cailliau, 2013) . In this study, we demonstrate that developmental sound exposure reduces dendritic spine density on basolateral dendrites of L2/3 and L5/6 excitatory neurons in P21 Fmr1 KO auditory cortex to WT levels. Our data show that the acoustic manipulations during early postnatal development influence developing synaptic circuits in Fmr1 KO auditory cortex by affecting both inhibitory and excitatory neurons.
In AE Fmr1 KO mice, decreased PV cell density and increased spine density is predicted to favor excitation over inhibition. Indeed, when ERPs were recorded from the auditory cortex, AE Fmr1 KO mice showed larger N1 amplitudes in response to 14 kHz, but not 23 kHz, tone than their WT counterparts. Although a large number of adult auditory cortical neurons respond to frequencies ~20-25 kHz range (Zhou et al., 2008; Barkat et al., 2011; Carrasco et al., 2013) , the tonotopic maps develop high frequency selectivity later in development (Zhang et al., 2001; Carrasco et al., 2013) . Therefore, at P21 there may be more neurons responding to frequencies <20 kHz in the auditory cortex. Abnormal synchrony, which is a key feature in developing Fmr1 J o u r n a l P r e -p r o o f KO mice (Goncalves et al., 2013) , may be also responsible for a larger ERP evoked by the 14 kHz tone in Fmr1 KO mice, compared to WT. This is consistent with larger tone-evoked ERP amplitudes in humans with FXS (Castren et al., 2003; Schneider et al., 2013; Knoth et al., 2018) and our previous studies showing enhanced auditory cortical single-unit responses and impaired habituation to repeated sounds in Fmr1 KO mice (Rotschafer and Razak, 2013; Lovelace et al., 2016; Wen et al., 2018) . Interestingly, developmental sound exposure resulted in a decrease of P1, N1 and P2 latencies of ERP evoked by both 14 kHz and 23 kHz tones in auditory cortex of SE Fmr1 KO mice compared to AE Fmr1 KO, which indicate maturation of these ERP components. (Kim et al., 2013) showed that exposure of mice to 16 kHz during development increased the tonotopic representation of 16 kHz in WT, but not in Fmr1 KO mice, suggesting abnormal critical period plasticity in the Fmr1 KO mice. This tonotopic plasticity is unlikely to contribute to our ERP findings as ERP amplitude was not different between SE WT and SE Fmr1 KO mice in spite of larger 16 kHz representation observed previously in WT mice (Kim et al., 2013) . We also observed a reduction of average ERP N1 amplitude in Fmr1 KO mice following developmental exposure to sound without changes in the WT mice. Future experiments should more closely explore relationships between tonotopic maps and ERPs in order to understand the underlying mechanisms. Taken together, our data suggest that passive exposure of mice to pure tones during the auditory critical period normalizes the cellular and functional properties of the auditory cortex in Fmr1 KO mice.
While the observed increase in the density of PV cells may underlie the changes in auditory cortical responses of sound-exposed Fmr1 KO mice, the mechanism of the upregulation is still not clear. BDNF-TrkB signaling is implicated in the development and function of GABAergic neurons (Nakahara et al., 2004; Berghuis et al., 2006) . TrkB signaling supports J o u r n a l P r e -p r o o f PV cells and influences gamma-band synchronization in hippocampus (Zheng et al., 2011; Lucas et al., 2014) . In cortex, TrkB deletion from PV interneurons resulted in dysregulation of patterned high-frequency cortical activity and disinhibition of local excitatory neurons (Xenos et al., 2018) . In Fmr1 KO mice, BDNF-TrkB signaling was implicated in FXS-associated alterations (Castren and Castren, 2014) . Impaired BDNF-TrkB signaling may cause delayed development of fast spiking interneurons in P5 Fmr1 KO somatosensory cortex, which was restored following the administration of the TrkB agonist LM22A-4 (Nomura et al., 2017) . In contrast, a reduced density of PV interneurons with increased TrkB expression was demonstrated in adult Fmr1 KO mice (Selby et al., 2007) . In our study, we did not observe changes in total TrkB levels, but TrkB phosphorylation on Y816 and Y515 was reduced in auditory cortex of AE Fmr1 KO mice compared to AE WT. Interestingly TrkB phosphorylation was increased in Fmr1
KO auditory cortex after sound exposure that was concurrent with the increase in PV expression, suggesting a role of TrkB signaling in regulating PV cells in the auditory cortex of soundexposed Fmr1 KO mice. Genetic reduction of BDNF levels in neural precursor cells derived from Fmr1 KO mice increased pTrkB-Y816, but not pTrkB-Y515 levels, suggesting changes that are compensatory to BDNF signaling deficit (Danesi et al., 2018) . Interestingly, hyperactivity and deficits in startle responses were ameliorated in Bdnf(+/-)/Fmr1 KO mice, suggesting a possible role of BDNF/trkB signaling in these behaviors (Uutela et al., 2012) . Fmr1 KO mouse auditory system may trigger compensatory mechanisms to restore responses (Antoine et al., 2019) . More studies are necessary to investigate which parameters of the sound exposure are key to observed changes and to understand long-lasting effects of the early developmental exposure. In addition, our data suggest the need to perform high-resolution developmental studies to measure cellular and circuit changes across different brain areas with a stringent control of sensory input to understand the relative contributions of direct genetic effects and changes that arise due to altered experience.
Conclusions
The following are the supplementary data related to this article. 
